Abstract-A new type of surface-emitting nanolasers with a metal cavity is proposed and analyzed for potential use in future optical interconnects. Rather than using the surface mode of the metallic waveguide, the design uses the low-loss optical fiber HE 11 mode. An analytical Fabry-Pérot model is formulated to include the nanocavity effect. A numerical model based on the FDTD method is also used to confirm our analytical model and illustrate the major physics and important optimization principles. The model is also used to analyze the cavity modes of quantumdot metal-cavity surface-emitting microlasers with the results agreeing very well with the experimental data.
I. INTRODUCTION
M ETAL-cavity nanolasers have attracted a lot of attention in recent research. Significant progress has been made in this field since the recent demonstration of metal-cavity lasers in 2007 [1] . The signal capacity of the electronic platform -both on-chip and off-chip -is saturating due to issues such as the limitations of high-speed copper transmission lines and increasing energy consumption. The optical platform, with the assistance of a metal plasma, can realize a crosstalk-free environment and an ultrasmall volume, resulting in a more energy efficient architecture [2] . To bridge the gap between the current electronic platform and a future optical platform, several issues need be addressed. One of the most important issues is the ability to provide compact optical sources on-chip. In the last few years, low to room temperature metal-cavity nanolasers have been realized using both optical pumping [3] - [6] and pulsed electrical injection [1] , [7] - [11] . Recently, continuous-wave (CW) electrical injection was realized at room temperature for metal-cavity emitting nanolasers [8] and surface-emitting microlasers [9] - [11] . Several novel methods were used in previous metal-cavity lasers, including the mode cut-off [1] , [7] , [8] reflector and metal reflector for optical feedback and the surface-emitting configuration for better output coupling [10] . Due to their improved performance, metal-cavity nanolasers can potentially benefit the current electronic platform by incorporating on-chip light sources for future integrated electronic and photonic platform applications [2] , [12] . Also, the surface-emitting properties of these lasers result in a smaller device footprint, which would increase their on-chip density and array applications [9] . Moreover, direct modulation of stimulated emission in a nano-LED has been proposed and predicted to have a higher modulation speed than a laser [13] , [14] . In the design of metal-cavity lasers, especially lasers with sizes comparable to the wavelength, a heavy calculation by full structure numerical methods are required to optimize the design. The underlying physics tends to be subtle. In this work, we incorporate the metal and modal effects into the fundamental Fabry-Pérot model and use the model to analyze the physical parameters such as resonance wavelengths and quality factors. Fundamental physical parameters are clearly presented through the model. The model provides the guideline for both the design and optimization to our previous published and new proposed metal-cavity surfaceemitting lasers as well as devices with similar geometries such as nanowire nanolasers.
II. PROPOSED STRUCTURE OF METAL-CAVITY SURFACE-EMITTING NANOLASER
In this paper, a class of metal-cavity surface-emitting nanolasers ready for electrical injection and photonic integration is proposed. Conceptually, the design originates from the proper termination (i.e. feedback mirror) of the optical fiber mode supported by a metallic waveguide. The cavity can be defined by either dry-etching [1] or nanowires [5] . Unlike other plasmonic nanolasers, which use the metallic surface mode, the chosen optical fiber mode will reduce the metal loss. Since this optical fiber mode, HE 11 in this case, is concentrated in the center of the device, an optical buffer layer between the metal and semiconductor can significantly reduce the field penetration into the metal. The HE 11 field pattern with a field maximum at the center can also help the reduction of non-radiative absorption due to material damage around the etched surfaces. Since the fundamental HE 11 mode has the largest effective index, the optical field decays faster than that of other modes outside the semiconductor core region [15] . General discussions about the optimization of the optical buffer layer thickness can be found in Ref. [16] . Using metal as a feedback structure truncates the outstretched long optical tail, resulting in a more compact size and more efficient loss reduction. Fig. 1(a) shows the proposed top-emitting structure. The waveguide effect and material dispersion are modeled and properly incorporated into the effective index by solving the Maxwell's equations associated with the multilayered cylindrical waveguide profile. The cavity structure can thus be treated as a Fabry-Pérot cavity with chosen reflectors at the two ends. Fig. 1 (b) shows four feedback schemes formed using distributed Bragg reflectors (DBR) and metals:
semiconductor-bottom DBR (M-S-DBR), and (iv) DBR-semiconductor-DBR reflectors (DBR-S-DBR).
Depending on the reflector type, the reflection phase and the resulting round-trip phase can be different. A more detailed discussion will be presented in Sec. IV. The emission reflector should be designed with a proper transmission coefficient (i.e. the choice of a thin metal layer or only a few DBR pairs) to allow for a reasonable light output power. The reflection coefficients from the bottom and top mirrors are r 1 and r 2 , respectively. In general, they are complex numbers due to the absorption inside the mirrors or detuning from the DBR center wavelength. The detailed analysis is presented in the following sections.
III. THEORY OF METAL-CAVITY SURFACE-EMITTING NANOLASERS
The design of such metal-cavity nanolasers usually requires the use of the finite-element method (FEM) [16] - [18] or the finite-difference time-domain method (FDTD) [1] , [15] , [18] , [19] to model the whole structure. However, both methods require heavy computation resources if metallic effects are included to accurately predict device performance. Here, we propose a systematic procedure taking advantage of the analytical Fabry-Pérot (FP) model to investigate the metalcavity lasers and the corresponding cavity parameters required for lasing. We reformulate the fundamental equations for the design of metal-cavity lasers in an analytical form and compare our theoretical results with those obtained using the FDTD method for the full structure. The core region is filled with a semiconductor material with refractive index n core and the shell is an insulator layer with refractive index n shell . The core radius is a and insulator thickness is s. In (b), the cavity length is L with an active region placed in z s < z < z s + L a . The output mirror metal thickness is d.
A. Fabry-Pérot Model for Metal-Cavity Nanolasers
by a thin insulator with a thick outer layer of metal, which serves as a cavity wall. To properly include the modal properties, the effective index (n ef f ) corresponding to the waveguide mode should be used instead of material index [20] . The effective index can be solved from the Maxwell's equations:
where ∇ 2 t is the transverse Laplace operator, n(ρ) is the refractive index profile at transverse position ρ, k 0 is the free space wavenumber (k 0 = 2π/λ, λ = free space wavelength), and E z and H z are the z component of the electric and magnetic fields, respectively. The transverse electric and magnetic fields are then expressible in terms of E z and H z components. The complex propagation constant k z is obtained by solving the boundary value problem. In general, the complex effective index,n e f f for a metal-clad passive waveguide before carrier injection, after solving for k z , is obtained as:
where n ef f is the real part of the effective index and α i is the corresponding intrinsic loss of that waveguide section. The simplest one-dimensional cavity model for laser applications consists of two mirrors with a gain medium sandwiched in between. As shown in Fig. 3 , the cavity feedback is provided by two mirrors, M 1 and M 2 , with reflection coefficients, r 1 and r 2 , respectively. The cavity length L is defined by the distance between two mirror surfaces. A gain medium is placed uniformly in the cavity to provide optical gain when the light bounces back and forth between M 1 and M 2 . With carrier injection, the round-trip condition has to satisfy the equation to achieve the laser oscillation [21] :
where k z is the real part of the propagation constant of the waveguide mode inside the cavity, α i is the intrinsic loss in Eq. (2b) experienced by the light during propagation, and g is the gain coefficient inside the cavity. In general, the reflectivities of the mirrors are complex and can be expressed as r i = |r i |e iφ i , where φ i is the phase difference from the reflection. Eq. (3) leads to the well-known lasing threshold magnitude and phase conditions:
where α m is the mirror loss of the cavity. For a waveguide with a multilayer structure along the guiding (z) direction, the phase condition in Eq. (5) should be modified to
where j is the layer index. In semiconductor lasers, the gain material occupies only a portion of the waveguide, therefore, the round-trip optical travel between two mirrors only experiences the optical gain during the pass through the gain material. To relate the gain coefficient in the FP model in Eq. (4) to the modal gain (g M ) in the partially-gain-filled waveguide case, a longitudinal confinement factor ( z ) must be introduced [21] 
in which (z) is the amplitude function of the dominant electric field component as a function of the propagation direction. For a cavity fully filled with gain material, z = 1. The modal gain (g M ) of the waveguide mode can be related to the material gain (g m ) by considering the transverse field occupation of the gain medium. Based on the overlap between this transverse optical field and the gain medium itself, a waveguide confinement factor ( wg ) can be introduced. Using this waveguide confinement factor, the gain coefficient g can be expressed as
The waveguide confinement factor ( wg ) has been derived as [22] ,
in which E(ρ) and H(ρ) are the electric and magnetic field at the transverse position ρ, n a is the refractive index of the active region, μ 0 is the permeability and 0 is the permittivity of the free space, and η 0 = √ μ 0 / 0 is the characteristic impedance. The integration domain A is the entire transverse plane and dρ = ρdρdφ (or dxdy). By using Eq. (4) and (9), the threshold material gain (g m,th ) for a mutisectional FabryPérot cavity is modified to be
where
which accounts for the intrinsic loss α j of each layer where L = j L j is the total cavity length.
B. Quality Factor of Fabry-Pérot Nanocavities
The photon life time (τ p ) associated with the Fabry-Pérot cavity can be derived as [20] 
where ω is the angular frequency, Q is the total cavity quality factor, and Q abs is the quality factor associated with the intrinsic modal absorption loss, and Q rad is the quality factor associated with the radiation mirror loss. ω/Q abs can be defined as
and ω/Q rad as ω
where υ g, j is the group velocity in the layer section j
IV. APPLICATION TO PLASMONIC NANOLASER WITH METAL-DBR MIRRORS: LONGITUDINAL CONFINEMENT FACTOR
With the modal and material dispersion included in the effective indices, the cavity can now be characterized using the 1-D Fabry-Pérot model. Fig. 1(b) shows four kinds of cavity structures with different feedback schemes. The reflectors consist of either metals or DBRs or both. To properly include the mirror effect from imperfect reflectivity and phase, special care must be taken to ensure an accurate design [21] . Due to the short cavity length, the reflection phase shifts introduced by imperfect mirrors, especially real metals, will result in a significant deviation of the longitudinal confinement factor from the perfect electric conductor (PEC) mirror model, which assumes a transverse electric field node at the mirror boundaries. At optical frequency, electrons in the metal react to the optical field and form a plasma inside the metal itself. Due to the ohmic loss inside the metal, the plasma oscillation is gradually dampened, indicating a complex permittivity. Unlike the PEC case, reflectors composed of real metals will have non-zero electric fields at the mirror boundary.
Here we consider only the TE-like modes, which have a dominant electric field in the transverse direction and will experience less metallic loss from the mirror than TM-like modes. For example, considering the fundamental HE 11 mode, which is similar to TE 11 mode in the PEC case, the standing wave profile can be approximately written as Eq. (16), where φ i comes from the reflection r i = |r i | exp(−i π + i φ i ) and is the phase difference between PEC and the real metal, n e f f,clad and n e f f,a represent the real part of the effective index of the cladding and the gain region, and 0 is a constant. The phase condition is satisfied by
According to different boundary conditions at the semiconductor/mirror interface, there are four types of standing wave patterns inside the cavity (bottom-top boundaries): nodenode, node-peak, peak-node, and peak-peak. The phase of the reflection coefficients from metal reflectors are usually close to -π and the standing wave patterns are similar to the node type (minimum at the boundary). As for DBR, the reflection can be either peak type (maximum at the boundary) or node type depending on the arrangement of the alternative high and low indices inside the DBR [21] . Table I summarizes different reflection phase differences compared to the PEC case for the four types of cavities shown in Fig. 1(b) .
V. NUMERICAL EXAMPLE: METAL-CAVITY SURFACE-EMITTING NANOLASERS
Considering a waveguide such as the one shown in Fig. 2 , the structure consists of an In 0.53 Ga 0.47 As gain material of length 255 nm with p-type and n-type InP cladding layers, both with a length of 270 nm. The semiconductor radius is denoted as a and the insulator SiN x (n shell = 2.0) thickness s is kept at 50 nm. The waveguide is completely surrounded by a layer of silver with a thickness greater than the penetration depth except for the output mirror. The effect of the output mirror silver thickness, d, will be discussed later. The refractive indices of the semicondcutors are taken from experimental data [23] . The dispersive permittivity of silver is included in the Drude model using parameters from the literature [24] . To evaluate the accuracy of the FP model, a full structure FDTD calculation was also performed for comparison. Fig. 4 shows the results using both methods. the FP model (lines) and the FDTD (symbols) method. 
i) M-S-M (ii) M-S-DBR (iii) DBR-S-M (iv) DBR-S-DBR
Node-Node The number p represents between two mirrors. For the design where p = 3, the resonant wavelength falls within the gain spectrum of In 0.53 Ga 0.47 As near 1500 nm [15] . In Fig. 4(b) , the quality factors calculated by both methods agree well with each other, and they increase with the longitudinal order p, or, equivalently, as the effective wavelength inside the waveguide becomes shorter. The quality factor calculated by the FP method is slightly lower than that of the full structure FDTD calculation. The small discrepancy comes from the reflectivity estimation from the Fresnel formula, which usually underestimates the reflectivity, especially when the waveguide cross-section is comparable to the wavelength [20] .
VI. EFFECT OF FINITE THICKNESS OF METAL REFLECTOR
To ensure efficient output coupling, the thickness of the metal reflector must be optimized [15] . Fig. 5 shows the reflectivity, the phase of the reflection coefficient, and the transmissivity of the metal reflector (silver) as a function of its thickness (d). Both the phase and reflectivity curves saturate at around d = 60 nm. Further increase of the thickness will only reduce the transmissivity, and, thus, the output power. A numerical calculation varying the reflector thickness is given in Fig. 6 , using the active region and cladding layer dimensions specified at the beginning of the previous section and a radius a = 200 nm. For a given longitudinal order p = 3, the round-trip phases are plotted in Fig. 6 (a) with a saturation resonance wavelength at 1451.6 nm. The variation comes from the reflection phase difference for different metal thicknesses Absorption and radiation quality factors (Q abs : solid and Q rad : dashed) of a cavity with an active length L a = 255 nm and InP top and bottom cladding layers of 270 nm. Due to the formation of standing waves in the radial direction (HE 11 ) and the silicon nitride optical buffer, the absorption from metal plasma damping is minimized, resulting in a high Q abs . The drop near thin reflector thickness comes from the elongated resonance wavelength and more penetration into the metal sidewall. The radiation quality factor shows an increasing behavior when the reflector thicknesses become thicker, or equivalently, the reflectivity becomes higher. as shown in Fig. 4(b) . The resonance wavelengths of different longitudinal orders ( p) show an increasing behavior when reducing the metal thickness. This can be understood from the phase deviation from its bulk value as shown in Fig. 5 . In Fig.  6(b) , we plot the resonance wavelengths and cavity quality factors of different longitudinal orders as a function of the metal reflector thickness. To further identify the photon loss, quality factors associated with material loss (Q abs ) and with mirror loss (Q rad ) are plotted in Fig. 7 . The material loss and the corresponding Q abs are calculated by using Eq. (13) . Due to the design of the fundamental HE 11 mode and the choice of the silicon nitride optical buffer layer thickness, the metal absorption from the waveguide propagation is minimized and it results in a high Q abs . The variation of Q abs comes mainly from the permittivity dispersion of metal at different resonant wavelengths. As for the radiation loss Q rad , which can be obtained by Eq. (14), the value shows a strong dependence on the metal thickness as a result of the reflectivity variation at the thin metal interface.
VII. SMALLEST CAVITY: THE HE 111 MODE
We applied the proposed Fabry-Pérot model to design a cavity based on the HE 111 mode. The structure is composed of n-InP (40 nm) / i -In 0.53 Ga 0.47 As (160 nm) / p-InP (40 nm). The cavity radius a is 190 nm with a constant SiN x thickness s = 50 nm. The metal reflector thickness d is 60 nm. The calculated results are summarized in Table II . The required threshold gain estimated by Eq. (10) and based on the calculation is around 1,152 cm −1 , which should be achievable at room temperature under a reasonable carrier injection. 
VIII. CAVITY MODES OF QUANTUM-DOT METAL-CAVITY SURFACE-EMITTING LASERS: DESIGN AND EXPERIMENT
To demonstrate the validity of the FP model, metal-cavity surface-emitting microlasers with different diameters using submonolayer (SML) quantum-dots (QDs) as a gain material were designed and fabricated. The active region was grown by molecular beam epitaxy and consisted of three groups of SML QDs with a GaAs spacer layer [25] , [26] . Fig. 8(a) shows the device structure. The SML QDs active material was embedded in a cavity with a length L c = 3λ/2n and was sandwiched between two sets of alternating Al 0.9 Ga 0.1 As/GaAs DBR mirrors (top: 19 pairs and bottom: 32 pairs). To form the microcavity, photolithography defined the geometry of various diameters (10, 5, 4, 3, and 2 μm). The cavity was formed by a silver coating with a thin silicon nitride (SiN x ) layer as the current blocker. To reduce the metal loss, the thickness of SiN x was optimized (∼50 nm) to buffer the optical field penetration into the metal while maintaining a good optical energy confinement factor. The emission through the substrate allows for the light collection from the bottom. The detailed device information and performance can be found in our recent publications [27] , [28] . As shown in Fig. 8(b) , there are 3 standing waves inside the cavity, the length of which is defined by the top (R t ) and bottom (R b ) mirror boundaries. Both mirrors were designed to have a π phase shift and resulted in nodes at the boundaries. Fig. 9 shows spectra of devices with various diameters from 10 μm down to 2 μm. The devices were biased at low current to avoid excessive heating. The detailed measurement condition is summarized in [27] , [28] . The fundamental mode (HE 11 ) shifts from 966.3 nm for a 10 μm diameter device to 961.0 nm for a 2 μm device. The shift results from the change of effective indices while shrinking the diameter. The modal dispersion or, equivalently, the change of effective indices, can be estimated by Eq. (1) and be incorporated into the round trip phase condition Eq. (6). Fig. 10 shows the fitting result using the FP model developed in this work. The rapid falling of the resonance wavelength for 
IX. CONCLUSION
A new class of metal-cavity nanolasers has been proposed and analyzed. The cavity is formed by various combinations of DBRs and metal reflectors at both ends of the metallic waveguide. To further improve the power of the device, the metal reflector thickness as well as the absorption can be reduced while maintaining the reflectivity by introducing a few DBR pairs in between the cavity and the metal reflector. The proposed nanocavity structure functions as a substrate free, surface emitting laser. Our design originates from the optical fiber HE 11 mode, which preserves the best qualities of an emitter such as low loss, high optical confinement, and good output beam shape. The design rule incorporates modal and material dispersion into the effective indices, reducing the necessity of heavy computation such as the FDTD method. The design concept applies to both edge-emitting and surface-emitting nanolaser structures of any longitudinal order. The modeling results of the Fabry-Pérot method described agree very well with those of the full structure FDTD simulation for designs with the fundamental HE 11 mode. The quality factors were derived for multisectional waveguides and both the absorption and radiation components are modeled. The developed Fabry-Pérot model was used to analyzed the cavity modes of the quantum-dot metal-cavity surface-emitting microlasers and the results agrees very well with the experimental data. Also, the effects including the wavelength shift, transmissivity, and reflectivity as a function of the reflector thickness were analyzed for device optimization. A design with the smallest cavity size (HE 111 mode) was analyzed using this FP model. Our results demonstrated the promise of lasing action with an achievable material gain at room temperature. 
